streams during weathering of rocks. Most vegetable production on alluvial soil generally succeeds. The key role in creating alluvial soil has a high groundwater level [10] [11] [12] [13] [14] . According to Bednarek and Prusinkiewicz, alluvial river soils constitute about 5% of Poland's area [15] .
There are different ways to assess the physical quality of soils. One of them is soil bulk density (BD), which is often used as an indirect indicator of soil compaction, aeration, strength, and ability to store and transmit water [6, [16] [17] [18] . Another parameter of physical soil quality is plant-available water capacity (PAW) [6] that plants can use during the vegetation period. The most important indicator of the chemical and biological quality of soil is organic carbon content (C org. ). Soil structure is one of the important properties affecting crop production, aeration and water infiltration into the soil profile [19] , which may be verified by a structural stability index (StI) [1] . Dexter suggested using an indicator of soil physical quality (S) [4] [5] . According to this theory, S is a measure of soil microstructure (especially soil water retention curve), which controls many of the soil physical properties useful for the overall assessment of soil quality. In the literature there are a lot of other indicators of SPQ, but that article focuses on the indictors cited above. The objective of this paper is to assess the physical quality of Chernozems Fluvisols of the Odra River in the Racibórz Dolny polder area.
Experimental

Description of Study Area
The study area lies on alluvial soils located in the Odra River valley on arable land in Tworków (50°00′16″N, 18°14′09″E; 190.00 m a.s.l.), in the south of Poland (the Racibórz District, Silesian Province). Based on the soil map of the 1960s, the original land use was a medium green grassland transformed into arable land. The average annual groundwater level is in the range 1.10-1.50 m below ground level. According to the geographical division by Kondracki [20] , the object is situated in the Central European Lowlands province (31) , in the macroregion of the Silesian Lowlands (318.5) and in the mesoregion of the Raciborska Basin (318.59).
Soil Description and Soil Sampling
The field soil tests were carried out in the two agricultural seasons (2012 and 2013) on arable lands. In a field, four soil pits (Nos. [1] [2] [3] [4] were made up to a depth of 150 cm. Undisturbed soil samples were taken from each genetic horizon using Kopecky's cylinders (in 3 replications). Also, approximately 1 kg of disturbed soil from each genetic horizon was used to find the soil texture, and other laboratory analysis were taken.
Meteorological Conditions
In terms of climate, the study area is considered one of the warmest areas in this region. In the multiannual period 1971-2000, average annual air temperature was 8.5ºC and total precipitation was 616 mm. In 2012, the average temperature was 9.2ºC and the sum of atmospheric precipitation was 586 mm, while in 2013 it was 9.0ºC and 597 mm, respectively (acc. to the Institute of Meteorology and Water Management station in Racibórz). Higher average temperatures have been observed, as has a decrease in rainfall.
Laboratory Analysis
From soil samples that were collected, the selected physical properties were determined in accordance with the general methodologies stated in Mocek and Drzymała [21] . Soil texture by the Bouyoucose-Casagrande areometric method modified by Prószyński was specified. The content of particle size classes (sand, 2.0-0.05 mm; silt, 0.05-0.002 mm; clay, <0.002 mm) was determined according to the USDA classification [22] . Soil bulk density (BD) by the gravimetric method in Kopecky's cylinders as the mass of dry soil per volume. The weight of this soil core was then determined after drying in an oven at 105ºC for about 18-24 hours. The total plant-available water capacity (PAW) was determined as the difference between the moisture retained at pF 2.5-4.2 using a set for pF determination with ceramic plates in the 5 and 15 bar pressure plate extractor. Total organic carbon content (C org ) was calculated by Tiurin's method.
The assessment of soil physical quality (SPQ) was based on the key performance indicators defined by researchers from all around the world. The soil's ability to store and provide water that is available to plant roots was assessed using the plant-available water capacity, PAW (m 3 ·m -3 ) [6, 23] as:
…where θ FC -field water capacity at pF 2.5 (m 3 ·m -3 ) and θ PWP -the permanent wilting point water content at pF 4.2 (m 3 ·m -3 ). A PAW≥0.20 m 3 ·m -3 is often considered "ideal" for maximal root growth and function, while 0.15≤PAW<0.20 m 3 ·m -3 is "good," 0.10≤PAW<0.15 m 3 ·m -3 is "limited," and PAW<0.10 m 3 ·m -3 is considered "poor" or "droughty" [6] .
Based on BD value, the destruction of soil physical structure, soil compaction and easily field crop production were determined. The BD value should be within the optimal range 0.9-1.2 g·cm -3 for maximal field crop production, values greater than 1.25-1.30 g·cm -3 potentially cause yield loss due to inadequate soil aeration, and values below 0.9 g·cm -3 potentially cause yield loss due to inadequate plant anchoring, reduced PAW capacity, and reduced unsaturated flow of water and dissolved nutrients to plant roots [6, 24] .
The risk for soil structural degradation associated with C org depletion and improper graining was calculated using a structural stability index (StI) according to Eq. 2 as suggested by Pieri [1] and Reynolds et al. [6] : (2) …where C org -the soil organic carbon content (%) and clay + silt -the soil's combined clay and silt content (%). StI<5% indicates a structurally degraded soil; 5%<StI<7% indicates a high risk of soil structural degradation; 7%<StI<9% indicates a low risk of soil structural degradation; and StI>9% indicates sufficient C org to maintain the structural stability. It is conventionally assumed that optimal organic carbon content is 3-5%.
Index of soil physical quality (S index) was defined by Dexter [4] using van Genuchten parameters [25] . The estimation of these parameters was performed with the Retention Curve programme (RETC) using sand, silt and clay percentages as input. The S index at each layer was calculated as:
…where θ sat and θ res -saturated and residual water contents in gravimetric units (kg·kg -1 ); n -the shape parameter of soil water characteristic (from RETC). The value of S index is always negative, therefore, its absolute value is used. Categories of SPQ index have been as follows: S≥0.050 indicates "very good" soil physical or structural quality, 0.035≤ S<0.050 is "good physical quality," 0.020≤S<0.035 is "poor physical quality" and S<0.020 is "very poor" or "degraded" physical quality [5, 26] .
Statistical Analysis
The data set consists of analytical results of soil samples collected at the four soil pits. For statistical analysis, the procedures provided by the program Statistica PL version 12.5 were used with a 5% significance level. For each analyzed physical parameter of soil its minimum and maximum values determined its arithmetic mean, median, standard deviation (SD) and coefficient of variation (CV). Moreover, a Spearman correlation test was conducted for the entire data set. This statistical method was chosen after checking data normality (Shapiro-Wilk test). All data are presented in tables and graphs in order to produce a visual image that is helpful in interpreting the results.
Results and Discussion
As shown in Table 1 , the alluvial river soils are a heterogeneous in terms of texture with a high clay (C) content in top layers, at a depth of 100-150 cm occurs the silty loam (SiL), loam (L) or sandy loam (SL). These results are in agreement with Iqbal et al. [27] , Bullinger-Weber et al. [28] and Ľuptáčik et al. [29] , who had worked in similar soils. In each soil profile, five genetic levels were specified. The high coefficient of variation (CV) value was observed, which is the measure of empirical data deviations from average values. The highest CV was in silt (62.4%). Sand content in the profiles was between 16 and 76%, silt content between 16 and 62%, and clay content between 8 and 65% (Table 1, Fig. 1 ). Other research has documented high variable of sand in alluvial soils [30, 31] . According to PTG [32] , WRB [33] and USDA soil taxonomy [22] , examined soils were classified as: Order 7. Chernozemic soils (Polish: Gleby czarnoziemne; WRB: Chernozems, Phaeozems; ST: Mollisols -Aquolls, Udolls), Type 7.4. "Chernoziemic fluvisols" (Polish: Mady czarnoziemne; WRB: Mollic Fluvisol, Endofluvic Phaeozem; ST: Fluvaquentic Endoaquolls).
The PAW and its distribution in the examined soil profiles are shown in Table 2 and Fig. 1 . High PAW capacity values (0.2229 m 3 ·m -3 ) may be related to the high silt and clay for all soil profiles and also mean C org content [34] . Touil et al. reported that the hydraulic parameters are mostly sensitive to sand content [35] , whereas Gama-Castro et al. [36] found that the high productivity of alluvial soils is largely due to the PAW, so this is very important for the observed climate changes [37] .
Bulk density (BD) was in the range 0.44 g·cm -3 (organic compounds) to 1.81 g·cm -3 (typical mineral soil) and predominantly increasing with depth ( Table 1) . The BD is one of the most important physical soil properties that characterizes soil compaction and can influence the water properties of soil [38] [39] [40] . As illustrated in Fig. 1 , a lower mean value of BD was observed in profile No. 1 (1.09 g·cm -3 ), where the sand content was the lowest (28.2%), whereas the highest compaction was visible in profile No. 3 (1.70 g·cm -3 ), where the sand content was the highest (45.4%). The BD range of alluvial soils can be very wide -smaller values were observed in the Ap horizons and increased with depth [36, 41, 42] .
The mean value of C org in soils is low -1.05% with the high CV (Table 1, Fig. 1 ). These results are in agreement with Jones et al., who found that most of the mineral soils in Europe have low or very low organic carbon content (0-2%) [43] . Higher C org contents were observed in the surface layers and lower contents at the bottom of the profile [44] . Ruiz-Sinoga et al. [45] and Gervais-Beaulac et al. [46] noticed that fine fractions, like clay and silt, retain more organic particles than sand fractions. A similar tendency can be observed in the analyzed soils (Fig. 1 ). Table 1 and Fig. 1 , the mean value of StI indicates a very high risk of soil degradation (3.0%). Undoubtedly, many factors have impacted this indicator, such as sand, silt and clay contents and C org content [6, 47, 48] .
As shown in
The mean value of S index (0.052) indicates "very good" soil physical quality ( Table 1) . The values of S index suggest that five of the 20 soil layers had very good physical quality (SPQ), five of them had good SPQ, eight layers had poor SPQ and only two layers of all had very poor SPQ (Table 1) . Very good results of the S index were recorded in the layers of the lower soil profiles (0.059), while the lowest values of the S index were recorded in top layers of soil (0.018-0.025). Pulido-Moncada et al. [49] reported that the S index can provide inconsistent designations of SPQ and has a lack of consistency with other physical indicators for some soils. Jong Van Lier [50] argues that bulk density or total porosity are much more easily determined than the water retention curve for obtaining S index, which disqualifies S index as an advantageous indicator of relative soil physical quality.
Profile No. 1 saw the best relationship between percentages of sand, silt and clay content ( Table 1 , Fig. 1 ). The high content of PAW (0.2638 m 3 ·m -3 ) Fig. 1 ). Fig. 1 . Comparison of selected physical characteristics and soil quality indices with 95% confidence interval Spearman correlation coefficient between the granulometric composition and selected indicator values of soil physical quality are presented in Table 2 . The BD negatively influenced the PAW values (r = -0.48). A similar correlation was found by Asgarzadeh et al. [51] . The PAW and BD appear most promising as indicators for routine evaluation and monitoring of soil physical quality [52, 53] . Spearman correlation between C org concentration and sand content was significantly negative and average (r = -0.49), but with BD was significantly negative and high (r = -0.87). There was also a strong and significant correlation between C org concentration and clay content (r = 0.66), and very strong with StI (r = 0.93). Index of soil physical quality (S index) was strongly negatively correlated with concentration of clay content in the soil (r = -0.67), and strongly positively correlated with PAW content (r = 0.66) ( Table 2) . Similar results were observed by Asgarzadeh et al. [51] , Vizitiu et al. [54] , Paluszek [3] and Souza et al. [55] .
Conclusions
The results of the research indicate that soil texture, PAW, BD, C org , StI and S index can be used to analyze and evaluate alluvial soil physical quality. There are two visible characteristics of soil quality. The BD, a typical physical parameter of soil, was strongly correlated with StI, sand and clay contents, whereas PAW -a typical water parameter of soil, was strongly correlated with S index. The use of S index as an indicator, which is based on simulation values from RETC, is less viable because other indicators such as BD, C org , porosity, granulometric compositions and visual examination are much more easily determined and more consistent than S index. In conclusion, the transformation of grassland into arable land was rather a negative effect of soil physical quality had destructive consequences on BD, C org , content and StI than expected [56] . We should bear in mind that grasslands have some potential to sequester atmospheric CO 2 as stable carbon (C) in the soil and hence could contribute to mitigation of climate change [57] and also play a key soil-protecting role against erosion [58] . The negative impacts on the soil environment caused by changes in agricultural practices linked to cultivation can cause crop loss in wet years. The studied geographical area is characterized by medium-heavy soils of the types most suitable for growing permanent pasture. The soils of this type play an important role in soil-water retention [59] and environmental development, and therefore should be protected. 
